Biological soil crusts (BSCs) are amalgamations of autotrophic, heterotrophic and saprotrophic organisms. In the Polar Regions, these unique communities occupy essential ecological functions such as primary production, nitrogen fixation and ecosystem engineering. Here, we present the first molecular survey of BSCs from the Arctic and Antarctica focused on both eukaryotes and prokaryotes as well as passive and active biodiversity. Considering sequence abundance, Bryophyta is among the most abundant taxa in all analyzed BSCs suggesting that they were in a late successional stage. In terms of algal and cyanobacterial biodiversity, the genera Chloromonas, Coccomyxa, Elliptochloris and Nostoc were identified in all samples regardless of origin confirming their ubiquitous distribution. For the first time, we found the chrysophyte Spumella to be common in polar BSCs as it was present in all analyzed samples. Co-occurrence analysis revealed the presence of sulfur metabolizing microbes indicating that BSCs also play an important role for the sulfur cycle. In general, phototrophs were most abundant within the BSCs but there was also a diverse community of heterotrophs and saprotrophs. Our results show that BSCs are unique microecosystems in polar environments with an unexpectedly high biodiversity.
INTRODUCTION
Biological soil crusts (BSCs) are the dominant primary producers in polar deserts of the Arctic and Antarctica (Yoshitake et al. 2010; Colesie et al. 2014; Williams et al. 2017; Borchhardt et al. 2017b) . The extreme conditions prevailing in these ecosystems limit the occurrence of vascular plants (Thomas et al. 2008a (Thomas et al. , 2008b Pointing et al. 2015) . Instead, BSCs cover the ground, e.g. up to 90% at Arctic Svalbard, adopting various important ecological roles such as primary production (Williams et al. 2017) . The diazotrophic microbes inhabiting BSCs fix dinitrogen from the atmosphere and make it available to other organisms (Belnap 2003; Yoshitake et al. 2010; Maier et al. 2016) . Certain BSC species grow in filaments or sheaths, while others excrete extracellular polymeric substances forming a soil binding matrix and, thus, stabilize the soil and prevent erosion and cryoturbation (Gold and Bliss 1995; Evans and Johansen 1999; Belnap, Büdel and Lange 2001) . BSCs are ecosystem engineers that develop the soil by increasing its moisture and nutrient content (Evans and Johansen 1999; Belnap 2006; Bowker, Belnap and Miller 2006; Pointing and Belnap 2012) . These processes have a positive effect on seed germination and plant growth that in turn promotes biodiversity (Evans and Johansen 1999; Belnap, Büdel and Lange 2001; Breen and Lévesque 2008) . Furthermore, BSCs are food resources for higher trophic levels (Cooper and Wookey 2001; Devetter et al. 2017; Guan et al. 2018) .
BSC communities are complex microecosystems comprised of autotrophs, heterotrophs and saprotrophs, all of which can be prokaryotic or eukaryotic (Belnap, Büdel and Lange 2001; Belnap, Weber and Büdel 2016) . Cyanobacteria, eukaryotic algae and lichens as well as Bryophyta and Marchantiophyta build the basis of BSCs as they are able to fix carbon into organic compounds Belnap, Büdel and Lange 2001; Yoshitake et al. 2010) . Cyanobacterial genera that typically occur in BSCs are Chroococcus, Gloeocapsa, Leptolyngbya, Microcoleus, Nostoc, Phormidium and Scytonema (Hoffmann 1989; Zidarova 2008; Büdel et al. 2016; Pushkareva, Johansen and Elster 2016) . Algal taxa commonly found in these communities are members of the Klebsormidiophyceae, Zygnematophyceae (Streptophyta), Chlorophyceae, Trebouxiophyceae, Ulvophyceae (Chlorophyta), Diatomea, Eustigmatophyceae and Xanthophyceae (Ochrophyta) (Hoffmann 1989; Zidarova 2008; Büdel et al. 2016; Pushkareva, Johansen and Elster 2016) . Typical prokaryotic taxa, representing heterotrophic BSC members, are Archaea and the bacterial phyla Acidobacteria, Actinobacteria and Proteobacteria (Maier et al. 2016) . On the other hand, eukaryotic heterotrophs present in BSCs are Ascomycota and Hyphomycetes as well as Bilateria and the taxonomically diverse Protozoa (Soule et al. 2009; Darby and Neher 2016; Maier et al. 2016; Fiore-Donno et al. 2017) . Certain Bacteria, Fungi and Bilateria are decomposers closing the nutrient cycle (Hendriksen 1990; Darby and Neher 2016) .
Establishing and developing BSC communities depends on several biotic and abiotic factors such as pedological properties and climate (Elster et al. 1999; Belnap 2006; Büdel et al. 2009; Pushkareva, Johansen and Elster 2016) . Initially, Cyanobacteria colonize the barren soil forming the basis of BSCs that are subsequently populated by algae, lichens, mosses and liverworts (Belnap 2006; Belnap et al. 2008; Büdel et al. 2009 ). Polar BSCs are generally dominated by lichens, mosses and liverworts in later successional stages (Belnap 2006) .
Despite the resilience of these unique biocoenoses to extreme abiotic stress, climate change is a major threat to BSCs as it can dramatically affect their composition and abundance (Evans and Lange 2001; Johnson et al. 2012; Zelikova et al. 2012) . Increased temperatures and irradiance as well as altered precipitation patterns in the Arctic and Antarctica are expected to change the species diversity and community structure of BSCs by an invasion of foreign species (Evans and Lange 2001; Chown et al. 2012; Pushkareva, Johansen and Elster 2016; Lee et al. 2017) . Hence, the investigation and monitoring of BSCs, one of the key players in polar desert ecosystems, is essential to evaluate and even predict the effects of the ongoing climate change.
According to Elster et al. (1999) there is only a small number of studies focusing on terrestrial compared to the aquatic microalgal flora in the Polar Regions. To contribute new insights into the microalgal and cyanobacterial diversity, we performed a comprehensive metabarcoding survey on BSCs from Svalbard, Norway, and Livingston Island, Antarctic Peninsula. As general prokaryotic and eukaryotic markers (16S and 18S rRNA gene) were used to study these biocrust isolates, other organism groups, such as bryophytes, were covered as well. The prepared amplicon pools were sequenced together with a mock community (MC) that served as an intrinsic control. The generated data was also used to identify influential abiotic parameters and co-occurrence patterns. Furthermore, these results complement the morphological, molecular and ecological studies of Borchhardt et al. (2017a) , Rippin et al. (2018) and Williams et al. (2017) , respectively.
MATERIAL AND METHODS

BSC sampling
BSC samples were collected from the Arctic Svalbard, Norway and Livingston Island, Antarctic Peninsula, in August 2014 and January 2015, respectively (refer to Borchhardt et al. (2017a) and Williams et al. (2017) for details). Both islands are located in the polar tundra zone according to the Köppen-Geiger classification system (Pereira et al. 2006; Vogel, Eckerstorfer and Christiansen 2012) . Details on the individual samples are given in Table 1 , while images of the analyzed BSCs and the corresponding sampling sites are depicted in Fig. 1 . The nucleic acid content of the BSC samples was preserved using the LifeGuard Soil Preservation Solution (MO BIO Laboratories, Carlsbad, CA, USA) according to the manufacturer's instructions and stored at −80
• C.
Algal cultivation
To establish an MC, the following algal strains were retrieved from the Culture Collection of Algae at the University Chlamydomonas reinhardtii was grown in TAP medium (Gorman and Levine 1965) using the same temperature and light settings.
Nucleic acid extraction and amplification
Total nucleic acids were extracted from the BSC samples (all in triplicates, except NÅ that was only one sample) using the cetyltrimethylammonium bromide protocol according to Rippin, Komsic-Buchmann and Becker (2016) with several modifications: The LifeGuard Soil Preservation Solution was not removed prior to the extraction and the aqueous phase, retained after the second chloroform washing step, was further processed using the peqGOLD Plant RNA Kit (peqlab/VWR International, Erlangen, Germany) according to the manufacturer's instructions. To obtain DNA, the extract was treated with RNase A (Thermo Fisher Scientific, Waltham, MA, USA) as suggested in the manual and purified using the illustra MicroSpin S-400 HR Columns (GE Healthcare, Little Chalfont, UK).
RNA-based metabarcoding was only performed for the samples NÅ and JC as the sampling sites are most comparable in terms of climate (seaside, similar precipitation patterns etc.). RNA was purified by DNA removal using DNase I (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol. cDNA synthesis was performed using the Revert Aid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA).
The extraction of DNA from all cultivated algae except K. crenulatum was carried out using the DNeasy Plant Kit (Qiagen, Hilden, Germany) following the manufacturer's protocol. The harvested filaments of K. crenulatum were processed using a modified version of the cetyltrimethylammonium bromide protocol described by Rippin, Komsic-Buchmann and Becker (2016) . After the second chloroform washing step, the upper phase was collected. The DNA was precipitated with isopropanol at −20
• C for at least 1 h. After a washing step with 75% ethanol, the DNA was eluted in RNase-free water. Borchhardt et al. (2017a) BSCs were collected from the Arctic Svalbard, Norway (BG, ED, NÅ, TD), and Livingston Island, Antarctic Peninsula (JC). Sampling location and the corresponding coordinates as well as previous studies, which were focused on samples from the same sites, are included. Amplicons were generated for all triplicates (for NÅ three technical replicates were produced) using the Kapa HiFi HotStart DNA Polymerase (Roche, Basel, Switzerland). To analyze the eukaryotic diversity, we targeted the ribosomal small subunit (SSU) V4 region with the universal eukaryotic primers TAReuk454FWD1 (5 -CCAGCASCYGCGGTAATTCC-3 ) and TAReukREV3 (5 -ACTTTCGTTCTTGATYRA-3 ) designed by Stoeck et al. (Stoeck et al. 2010 ) (Amplicon size ≈ 380 bp). Similarly, the prokaryotic 16S rRNA gene V2-V3 region was amplified using the universal primers 104F (5 -GGCGVACGGGTGMGTAA-3 ) and 515R (5 -TTACCGCGGCKGCTGGCAC-3 ) taken from Lange et al. (Lange et al. 2015) (Amplicon size ≈ 400 bp). The eukaryotic amplicons of the BSC samples were amplified employing the following protocol: an initial denaturation step at 95
• C for 
Library preparation and sequencing
The eukaryotic amplicons of the cultivated algae, P. patens and M. polymorpha were quantified, using the Qubit (Thermo Fisher Scientific, Waltham, MA, USA), and combined in equimolar portions to yield an MC. This synthetic community was only prepared for the eukaryotic barcode as it was used to minimize sequencing bias and to adjust the bioinformatic pipeline. All BSC amplicons and MC were subjected to A-tailing using the DreamTaq DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, libraries were prepared employing the Qiagen QIAseq 1-Step Amplicon Library Kit (Qiagen, Hilden, Germany). The libraries were multiplexed and sequenced on the Illumina MiSeq platform (300 bp, paired-end) at the MPI for Plant Breeding Research, Cologne.
Bioinformatic pipeline
The demultiplexed raw reads were quality checked with VSEARCH 2.4 (Rognes et al. 2016) and read pairs with a minimal overlap of 100 bp and a minimum Phred score of 33 were merged with PEAR 0.9.10 (Zhang et al. 2014) . Subsequently, primer sequences and sequences containing ambiguous bases were removed and all sequences were dereplicated using VSEARCH. After pooling all samples, clustering of operational taxonomic units (OTUs) was performed using Swarm 2.1.13 (Mahé et al., 2014 (Mahé et al., , 2015 with flag d = 1. Chimera detection was carried out with UCHIME (Edgar et al. 2011) , integrated in VSEARCH and taxonomic annotations were assigned employing blastn 2.3 (Altschul et al. 1990) with an E-value of E-10 and the Silva SSURef database 128 (Quast et al. 2013) . Finally, an OTU table was constructed by running the script OTU contingency table.py that is part of the SWARM package. All chimeric OTUs and OTUs shorter than 300 bp or with less than 72 reads were filtered out. Additionally, a read count threshold of 6 was applied. Rarefaction (Hurlbert 1971) and MDS plots (Jaccard 1912; Bray and Curtis 1957) were produced with the vegan package 2.4.4 in R (Oksanen et al. 2017) . The MDS plots were based on the Bray-Curtis dissimilarity index and generated individually for the prokaryotic and the eukaryotic dataset. Furthermore, the package was used to calculate the Shannon, Simpson and Inverse Simpson index. Moreover, environmental vectors (the values for each parameter in Table 2 were retrieved from Borchhardt et al. (2017a) ) were fitted onto ordination (MDS based on the Jaccard index) using the squared correlation coefficient r 2 and require 999 permutations. The R package metagenomeSeq 1.16 (Paulson et al. 2013) was used for several different tasks: read count normalization employing the CSS method; OTU heat map plotting of all replicates including only the 1000 OTUs with the largest overall variance; differential abundance testing considering only groups with a fold change of more than 4 and a false discovery rate of less than 0.001. Based on the Spearman correlation coefficient (Spearman 1904) , co-occurrence patterns were analyzed by running the modified scripts co occurrence pairwise routine.R and edgelist creation.R written by Williams et al. (Williams, Howe and Hofmockel 2014) . The analysis was based on prokaryotic orders and eukaryotic classes, as far as applicable, and the Spearman coefficient cutoff was set to 0.75. All scripts and auxiliary files can be accessed via github (https://github.com/Klebsi/BSC Amp licon). All raw sequences were submitted to the NCBI Sequence Read Archive (SRA) under the Bioproject PRJNA415906.
RESULTS
Sequencing outcome, OTU table and MC
The sequencing produced a total of 21 530 106 paired-end reads. After quality filtering and removing 245 825 potential chimeras, 9978 488 merged sequences remained and were clustered into 9062 OTUs. On average, each sample contained 230 814 sequences and 1084 OTUs. Read and OTU counts for the individual sample replicates are summarized in Table S1 (Supporting Information). By means of rarefaction sampling, we found that all replicates, except one eukaryotic RNA derived JC replicate, reached saturation (Fig. S2 , Supporting Information). This JC replicate also exhibited a low read count (530 reads after clustering and filtering, Table S1 , Supporting Information) and was subsequently removed from the analysis. For the remaining BSC samples, we were able to recover the full prokaryotic and eukaryotic diversity within the limits of our methodology. An MC, consisting of 10 different eukaryotic microalgae, a bryophyte and a liverwort, was included in the sequencing run to adjust the bioinformatic pipeline. We ended up with 12 OTUs with 8.3 ± 0.7% relative abundance each after aggregation according to taxonomic affiliation and normalization (Fig.  S3, Supporting Information) . Furthermore, the taxonomic annotation of each OTU corresponded to one of the used organisms.
The heatmap in Fig. S4a (Supporting Information) shows that the samples cluster in two main groups, the eukaryotic replicates on the left and the prokaryotic on the right. Furthermore, MDS plots were produced revealing that one replicate of the eukaryotic DNA derived JC sample (Fig. S4b , Supporting Information) and one of the prokaryotic TD sample (Fig. S4c , Supporting Information) were clear outliers in both analyses. Hence, they were subsequently removed. Precipitation of the Arctic sampling sites as well as chemical parameters (C = carbon, N = nitrogen, S = sulfur, P = phosphorus) of the soil underneath the sampled Arctic BSCs taken from Borchhardt et al. (2017a) (BG = Berg, ED = EiE, NÅ = NA, TD = TD).
BSC biodiversity
Biodiversity of the different BSC samples was measured by calculating Shannon, Simpson (1-D) and Inverse Simpson (1/D) indices. The individual indices ranged from approximately 2 to 5, 0.7 to 0.99 and 3 to 65 for Shannon, Simpson and Inverse Simpson, respectively (Fig. 2) . Overall, the eukaryotic biodiversity ( Fig.  2A) , as measured by these indices, had a lower range compared to the prokaryotic diversity (Fig. 2B ). The RNA derived NÅ amplicon exhibited the highest mean values across all eukaryotic indices. DNA derived from TD and NÅ showed the highest average indices among the prokaryotic indices. The bubble plots in Fig. 3 depict the relative abundances, meaning the percentage of sequences per OTU, of eukaryotic phyla, other lower taxonomic categories within Archaeplastida and SAR as well as prokaryotic phyla. All samples exhibited similar patterns for the relative abundances of the targeted taxonomical groups with minor differences. The most abundant eukaryotic phyla were Archaeplastida, Opisthokonta and the supergroup SAR (Fig. 3A) . Within the Archaeplastida, Bryophyta were most dominant, while Trebouxiophyceae and Marchantiophyta were the second and third most abundant taxa (Fig. 3C) . The relative abundances of the taxa Stramenopiles, Alveolata and Rhizaria within the SAR supergroup were in similar ranges (Fig.  3D ). Cyanobacteria and Proteobacteria were the most abundant prokaryotic phyla in all samples (Fig. 3B) . Furthermore, Acidobacteria, Actinobacteria, Bacteroidetes, Gemmatimonadetes and Verrucomicrobia were also dominant in the analyzed BSCs.
In Fig. 4 , the distribution of selected OTUs among the analyzed DNA derived samples is presented. The taxa Chlorophyceae, Trebouxiophyceae, Chrysophyceae and the phylum Cyanobacteria were present in all BSC samples, while Klebsormidiophyceae, Ulvophyceae and Xanthophyceae were absent from BG, Zygnematophyceae were missing in ED, JC and TD, JC was lacking Diatomea and Dinophyceae and Eustigmatophyceae were only found in NÅ and TD. The highest diversity was found within the Chlorophyceae, Trebouxiophyceae and Cyanobacteria.
BSC samples collected from the same spots were analyzed previously. Morphological identification of Klebsormidiophyceae, Zygnematophyceae, Chlorophyceae, Trebouxiophyceae, Eustigmatophyceae and Xanthophyceae was performed for BG, ED, NÅ and TD by Borchhardt et al. (2017a) . Rippin et al. (2018) 
Passive vs. active community
DNA and RNA derived amplicons were prepared for the Arctic NÅ and the Antarctic JC to compare passive and active biodiversity. These amplicons shared a total of 473 and 665 OTUs for JC and NÅ, respectively (Fig. 5) . Moreover, the RNA derived amplicons contained more unique OTUs (JC: 47, NÅ: 127) than the DNA derived ones (JC: 37, NÅ: 107). Concerning biodiversity indices, NÅ exhibited significant differences (P < 0.001) in the Shannon and Inverse Simpson index for the eukaryotic and prokaryotic communities between the DNA and RNA derived amplicons.
The BSC samples JC and NÅ were tested for differential abundance comparing DNA and RNA derived amplicons. NÅ exhibited changes in abundance, while JC did not. For NÅ, we observed an abundance increase in Bacteroidetes and Cyanobacteria, and a decrease in Verrucomicrobia, Archaeplastida and Opisthokonta (Fig.  6 ). While Bryophyta became less abundant in the RNA derived dataset, uncultured Cyanobacteria, e.g. Nostoc, and two Diatomea (Amphora, Stauroneis) occurred more frequently.
Co-occurrence patterns
Testing the collected BSC samples for co-occurrences revealed a total of six clusters, three solely prokaryotic (II, III, VI) and three mixed ones (I, IV, V; Fig. 7) . A cluster was defined as a connected network of nodes with at least one node that has three edges. Cluster I is the biggest consisting of 40 nodes, 24 eukaryotic and 16 prokaryotic. The taxa with the most links are Arboramoeba, Eustigmatophyceae, Hyphochytriomycetes, Malawimonadea, Polytrichopsida (Eukaryota), Bacteroidales, Chroococcales, Gloeobacterales, Desulfurellales, Desulfuromonadales, Ignavibacteriales and Rubrobacterales (Prokaryota). Interestingly, cluster V contains four classes of eukaryotic algae, which appear to be cooccurring: Chlorophyceae, Klebsormidiophyceae, Trebouxiophyceae and Xanthophyceae.
Influence of environmental parameters
The relationship of OTU abundance and environmental parameters was investigated for the Arctic BSC samples. Precipitation and soil parameter values were retrieved from Borchhardt et al. (2017a) and fitted onto ordination (Fig. 8) . For the eukary- otic amplicons, a correlation with precipitation, carbon, nitrogen, sulfur and phosphorus (total and water-extractable) content was found (Fig. 8A) . Precipitation exhibited the highest correlation coefficient with R 2 = 0.95. Total phosphorus, sulfur and nitrogen also showed a high correlation with a coefficient of 0.85, 0.84 and 0.83, respectively. The prokaryotic community composition was correlated to precipitation, carbon, nitrogen, sulfur and total phosphorus content again with precipitation showing the highest influence (R 2 = 0.73; Fig. 8B ). Total phosphorus exhibited the second highest correlation with R 2 = 0.6.
DISCUSSION
BSCs in polar ecosystems
BSCs represent special microbiotas in polar environments as opposed to barren soil. Typical soil communities are dominated by Opisthokonta, SAR, Acidobacteria, Bacteroidetes, Proteobacteria and Verrucomicrobia (Faoro et al. 2010; Fierer 2017; He et al. 2017) . In Arctic desert soils, the prokaryotic ratios appear to be slightly shifted with Actinobacteria and Chloroflexi to be more abundant and Acidobacteria as well as Verrucomicrobia to be less dominant (McCann et al. 2016) . In contrast, the bacterial community in Antarctic soil habitats is dominated by Acidobacteria, Bacteroidetes, Planctomycetes, Proteobacteria and Verrucomicrobia (Geyer et al. 2014) . Geisen et al. (2015) reported a dominance of SAR in the eukaryotic community of Arctic peatland soils, while Opisthokonta were less abundant. All these microbiotas, in contrast to BSCs, feature little to no photosynthetic organisms. The data, presented in this study, show a clear dominance of photosynthetically active organisms including Archaeplastida, algal groups within the Alveolata and Stramenopiles, as well as Cyanobacteria (Fig. 3) . Steven et al. (2013) analyzed BSCs, collected from the Canadian high Arctic, and also found that Cyanobacteria make up a major fraction of the prokaryotic community. These results highlight that BSCs play an essential role as primary producers in polar environments as higher vegetation is mostly absent (Thomas et al. 2008b; Yoshitake et al. 2010; Pointing et al. 2015) . Interestingly, the molecular analysis of the BSCs, collected from different sites at Svalbard and Livingston Island, revealed similar overall compositions and abundance on high taxonomic levels ( Fig. 3A/B) . We argue that the BSCs, collected for this study, were all in a late successional stage, with Bryophyta to be one of the most abundant eukaryotic taxa, which is typical for cold deserts (Belnap 2006) . Furthermore, we detected a high abundance of Cyanobacteria that are generally regarded as the pioneers which form the basis for BSC development by stabilizing the soil (Belnap 2006; Gundlapally and Garcia-Pichel 2006) . However, on lower levels the communities show taxonomic variation, e.g. Zygnematophyceae were only present in BG and NÅ, while Trebouxiophyceae were found in all samples (Fig. 4) . These differences may be explained by the varying microhabitat features that different organisms or taxonomic groups require (Fierer 2017) . For example, Cyanobacteria and algae often colonize the lower surface of quartz pebbles in deserts due to the condense water, that accumulates there, as well as the enhanced protection against radiation (Belnap, Büdel and Lange 2001) .
When comparing the different biodiversity indices for Eukaryota and Prokaryota of the analyzed BSC samples, the diversity of Prokaryota appeared to be generally higher (Fig.  2) . Uyaguari-Diaz et al. (2016) compared different watersheds in British-Columbia assessing the biodiversity of the microbial communities. They calculated the Simpson index for the eukaryotic community, based on the markers 18S and the internal transcribed spacer, and prokaryotic diversity based on 16S For Chloroplastida, groups with a relative abundance of less than 1% were summarized as 'Others'. Relative abundance is given as bubble size and SD as rings.
and chaperonin-60. Astonishingly, the average index is approximately the same for both eukaryotic markers but the prokaryotic index for 16S is lower and for chaperonin-60 higher than the eukaryotic ones. Regarding amplicon length, the eukaryotic targets are the same, while the 16S target is shorter and the chaperonin-60 is longer than 18S and the internal transcribed spacer. Accordingly, the prokaryotic amplicon, used in our study, was longer than the eukaryotic sequence. If amplicon length influences diversity estimates, this observation could explain the higher prokaryotic indices. Moreover, the variability of the target region is also important as amplicons are clustered into OTUs based on global sequence similarity (Forster et al. 2016) . Furthermore, the differences in cell size and evolutionary age between prokaryotes and eukaryotes could be responsible for these observations (Cooper 2000) .
The biodiversity in these communities is highly dependent on climate, chemical properties of the soil etc. . Borchhardt et al. (2017a) verified the influence of precipitation on microalgal communities at Svalbard that was also detected for the prokaryotic and eukaryotic communities in this study. Precipitation and water availability are key factors that affect microbiotas in a more quantitative than qualitative manner (Hoffmann 1989; Thomas et al. 2008c; Cruz-Martínez et al. 2012; Zhang et al. 2016) . In the Arctic, water availability is changing drastically throughout the season (Thomas et al. 2008b) . In winter, most water is frozen and cannot be utilized by terrestrial organisms, while liquid water becomes available in summer as rain or meltwater runoffs (Thomas et al. 2008b) . Thus, the sole influence of precipitation is arguable. Additionally, the impact of carbon, nitrogen, sulfur and phosphorous content on the community composition of BSCs was confirmed. Previous studies confirmed the influence of these parameters on soil biocoenoses, while the ratio between carbon and nitrogen might also have an effect (Cong et al. 2015; Zarraonaindia et al. 2015) . On the contrary, BSC organisms will also affect the elemental composition of the adjacent soil (Evans and Lange 2001; Brankatschk et al. 2013) . For example, Cyanobacteria fix nitrogen which will Zygnematophyceae, Chlorophyceae, Trebouxiophyceae, Chrysophyceae, Diatomea, Eustigmatophyceae, Xanthophyceae (Eukaryota) and Cyanobacteria (Bacteria), were shared between the DNA derived amplicons. Zeros are not displayed for better comprehension.
be either used by other organisms or deposited in the soil (Hoffmann 1989) .
Eukaryotic algae and cyanobacteria
Eukaryotic algae often occur later during BSC development and in association with bryophytes, due to their high waterholding capacity, while Cyanobacteria often act as initial ecosystem engineers . Thus, the dominance of Bryophyta in the collected BSCs may explain the presence and high diversity of eukaryotic algae. All taxonomic groups, typical for BSCs were detected: Klebsormidiophyceae, Zygnematophyceae, Chlorophyceae, Trebouxiophyceae, Ulvophyceae, Dinophyceae, Chrysophyceae, Diatomea, Eustigmatophyceae and Xanthophyceae (Karsten and Holzinger 2014; Büdel et al. 2016) . When looking at individual samples, the occurrence of algal and cyanobacterial genera mostly differed from isolate to isolate. However, we found Chloromonas (Chlorophyceae), Coccomyxa, Elliptochloris (Trebouxiophyceae), Spumella (Chrysophyceae) and Nostoc (Cyanobacteria) to be present in all BSC. The genus Chloromonas is often associated with polar BSCs and contains certain snow alga species, e.g. Chloromonas brevispina (Hoham 1975; Raymond 2014; Büdel et al. 2016; Pushkareva, Johansen and Elster 2016) . Coccomyxa, on the other hand, is a ubiquitous and versatile alga that can occur both terrestrial and planktonic (Ettl and Gärtner 2014; Darienko et al. 2015) . The green alga Elliptochloris commonly occupies cold terrestrial habitats and is a potential phycobiont for lichens (Ettl and Gärtner 2014; Pushkareva, Johansen and Elster 2016; Borchhardt et al. 2017a) . For the first time, we report the presence of the chrysophyte Spumella in polar BSCs. Spumella is a nanoflagellate that can be found in marine, freshwater and terrestrial habitats (Stoeck, Jost and Boenigk 2008) . These mixotrophs are often bacterivorous and link bacterial production to higher trophic levels (Boenigk et al. 2005) . The cyanobacterial genus Nostoc is commonly associated with BSCs but may also occupy freshwater environments (Rippka et al. 1979; Dojani et al. 2014; Pushkareva, Johansen and Elster 2016) . Previous studies confirm that Nostoc also colonizes soils in the Arctic and Antarctica (Zidarova 2008; Pushkareva, Johansen and Elster 2016). Overall, eukaryotic algae and Cyanobacteria are important primary producers and form the nutritional basis for heterotrophic organisms (Nweze 2009; Ettl and Gärtner 2014) . Moreover, they enhance the growth and development of other autotrophs as well as heterotrophs (Metting 1981; . A number of Cyanobacteria, e.g. Nostoc and Oscillatoria, possess the ability to fix dinitrogen from the air and make it subsequently available to other organisms in the BSCs (Metting 1981) . Furthermore, certain algae and Cyanobacteria, which are able to synthesize photoprotective pigments, are crucial for protection against excessive light and ultraviolet radiation Karsten and Holzinger 2014) . These organisms form an 'umbrella' on top of the BSC and, thus, shade other species without sunscreen pigmentation Karsten and Holzinger 2014) . The formation of the crust matrix is carried out by filamentous and mucilage-producing genera within the Klebsormidiophyceae, Zygnematophyceae and Cyanobacteria by glueing soil particles together (Büdel 2005; Belnap 2006; Büdel et al. 2016) . This process increases soil stability and makes it less prone to wind and water erosion (Evans and Johansen 1999) . Some algal and cyanobacterial taxa establish symbioses with fungi to form lichens (Ruprecht, Brunauer and Türk 2014; Büdel et al. 2016) . A typical photobiont is the green alga Trebouxia which was detected in all samples except NÅ (Ruprecht, Brunauer and Türk 2014) . On the other hand, the fungal genera Elasticomyces and Leciophysma were detected in the samples BG and ED (data not shown) that are potential mycobionts (Selbmann et al. 2008; Wedin et al. 2009 ).
Activity patterns
Differences in the relative abundance of rDNA and rRNA in environmental samples are caused by various factors (Hansen et al. 2007; Charvet et al. 2012; Blazewicz et al. 2013) . DNA-based approaches will detect active and dormant organisms but dead as well (Hansen et al. 2007) . Additionally, extracellular DNA is well preserved in polar ecosystems, due to the low temperatures, leading to an overestimate in biodiversity (Nielsen et al. 2007; Charvet et al. 2012) . The relative abundance of rRNA, on the other hand, can be regarded as potential metabolic activity meaning the potential to perform protein synthesis (Blazewicz et al. 2013) . The comparison between rDNA and rRNA abundances might be used as a measure for passive vs. active diversity (Blazewicz et al. 2013) . However, certain limitations have to be considered, e.g. varying rDNA copy numbers across different taxa (Prokopowich, Gregory and Rease 2003; Zhu et al. 2005; Blazewicz et al. 2013) .
RNA derived amplicons were prepared for JC and NÅ using both the eukaryotic and the prokaryotic marker. More unique OTUs were detected for the rRNA than the rDNA-based datasets suggesting a higher diversity. Lanzén et al. (2013) calculated the OTU richness, based on rDNA and rRNA abundance, for two soda lakes at different depths and observed varying ratios for rDNA:rRNA. Thus, no general assumption regarding present and active OTU diversity can be made. Regarding the Shannon and Inverse Simpson indices, significant differences between the DNA and RNA derived libraries could be determined solely for NÅ. Curiously, the eukaryotic indices of the RNA derived dataset were significantly higher, while the prokaryotic indices were significantly lower. These observations are probably linked to seasonality. These seasonal changes in microbiota were reported both for prokaryotic and eukaryotic soil communities (Davey 1991; Bass and Bischoff 2001; Lipson and Schmidt 2004; Lara et al. 2011 ). Davey (1991 studied the periodicity of microalgae and Cyanobacteria on Antarctic fellfield soils and found Phormidium and Pinnularia to be dominant for most of the year while, Zygnema and Ulothrix occurred only during austral summer.
Significant changes in rDNA to rRNA abundance were determined within the prokaryotic and eukaryotic communities in sample NÅ. The Amoebozoa Copromyxa exhibited a higher rRNA than rDNA abundance indicating that it is active probably due to the milder conditions during the summer at Svalbard. Seasonal patterns have been previously described for other Tubulinea by Mansano et al. (2013) . Bryophyta, on the other hand, were less abundant in the RNA derived set of amplicons. As the samples were collected in August 2014, bryophytes should be active and growing because temperatures are above 0
• C and, thus, liquid water is available (Førland et al. 2011; Prestø, Lüth and Hassel 2014) . However, the fact that samples were collected during growing season and the lower abundance of rRNA are not contradictory as Bryophyta exhibit growth and photosynthetic activity mostly at the apex and older annual segments are less active or even inactive (Clymo and Hayward 1982; Longton 1988) . Hence, older segments are likely to contain less rRNA compared to rDNA and only the shoot tip features increased rRNA levels. Archigregarinorida also appeared to be less abundant in the RNA-based dataset. The taxon is parasitic, occurs in aquatic and terrestrial habitats and can form cyst if exposed to unfavorable conditions (Rueckert et al. 2011) . The reduced rRNA content compared to the rDNA suggests that the alveolates are in a resting stage. In contrast, the cercozoan taxon Euglyphida exhibited an increased abundance in rRNA. These Table 2 (Precipitation, C = carbon, N = nitrogen, S = sulfur, Pt = total phosphorus, Pw = water-extractable phosphorus) were fitted onto the ordination. For eukaryotic dataset, the vectors representing precipitation**, C***, N/S***, Pt** and Pw** were fitted (A), while the prokaryotic amplicon data were explained by vectors representing precipitation***, C*, N/S* and Pt** (B).
(Significance levels <0.001 ***; <0.01 **; <0.05 *).
findings indicate that the soil is not dried out as the bacterivorous amoeba strongly reacts to drought with reduced abundance (Harder et al. 2016) . The same holds true for Cyanobacteria, e.g. Nostoc, which also exhibited a higher abundance in the RNA derived dataset. Elster et al. (2012) found Arctic Nostoc colonies to be photosynthetically active throughout the summer with no significant changes in the monitored physiological parameters despite the fluctuating water supply. Hence, the Cyanobacteria occurring in the BSC were metabolically active as we detected a higher rRNA than rDNA abundance. The taxon Bdellovibrionaceae also exhibited increased levels of rRNA. These organisms occupy both aquatic and terrestrial habitats and prey on other bacteria which is also assumed for Clade OM27 (Pineiro et al. 2004; Orsi et al. 2016) . Little is known about Clade OM27, thus, it is difficult to draw a conclusion regarding their ecology. Similarly, SPOTSOCT00m83 was more abundant in the RNA derived set of amplicons. However, ecological data on this taxon is rare. Yun et al. (2016) confirmed that SPOTSOCT00m83 can be found in soil. Another soil-dwelling taxon are the Alcaligenaceae that are quite diverse (Ghosh et al. 2011) . The taxon showed lower rRNA to rDNA abundance that indicates suboptimal growth conditions at the time of sampling. Chthoniobacterales were also less abundant in the RNA derived dataset. Yun et al. (2016) found that Chthoniobacterales prefer more acidic soils (mean pH 5.59) compared to the pH at NÅ (6.3) (Borchhardt et al. 2017a ).
Ecological interactions
Co-occurrence patterns of different taxa or taxonomic modules enable an identification of ecological interactions between organisms, especially organisms that are poorly understood due to difficulties in cultivation (Stewart 2012; Williams, Howe and Hofmockel 2014) . Moreover, these patterns can be used to identify functional and ecological traits, and draw conclusions on the life-history strategies of the organisms (Williams, Howe and Hofmockel 2014) . However, the unavailability of ecological data for certain taxonomic groups limits the interpretation to certain modules. Several bacterial orders contributing to the sulfur cycle, one of the most important cycles linked to the carbon cycle, co-occur in the sampled BSCs (Zavarzin 2010) . Sulfate-reducing bacteria, such as Desulfurellales and Desulfuromonadales, form H 2 S either by incomplete oxidation of organic acids or complete oxidation of unfermentable compounds produced by fermentation (Zavarzin 2010; Kleindienst et al. 2014; Timmers et al. 2015) . Reduced sulfur compounds (H 2 S, sulfide, sulfite), on the other hand, are oxidized by, e.g. either the strictly anaerobic Chlorobiales or Ignavibacteriales (Iino et al. 2010; Zavarzin 2010; Gregersen, Bryant and Frigaard 2011; Ontiveros-Valencia et al. 2014) . The aforementioned bacterial orders co-occur within cluster I and are directly linked within the network underlining their collective participation in the sulfur cycle. The cyanobacterial taxon Microchaetaceae is heterocystous and, thus, contributes to the nitrogen cycle by nitrogen fixation that is indirectly coupled to the sulfur cycle (Hoffmann 1989; Zavarzin 2010; Hauer et al. 2014) . Furthermore, Microchaetaceae and the sulfur metabolizing bacteria are linked to the cyanobacterial taxa Chroococales and Gloeobacterales, the stramenopile class Eustigmatophyceae and the bryophyte class Polytrichopsida that all contribute to the carbon fixation by oxygenous photosynthesis (Hoffmann 1989; Zavarzin 2010) . The organic carbon cycle links all elemental cycles together and, thus, is of major importance (Zavarzin 2010) . Cluster I also contains a connection between Polytrichopsida and Arboramoeba. Davidova, Ganeva and Boycheva (2016) described the association of testate amoeba with terrestrial bryophytes due to their ability to store water. This might be also true for Arboramoeba that co-occurred with the bryophyte class Polytrichopsida within the analyzed BSCs. Cluster V contains the algal classes Chlorophyceae, Klebsormidiophyceae, Trebouxiophyceae and Xanthophyceae that were found to be co-occurring in the Arctic and Antarctic BSCs. All of these microalgae are capable of photosynthesis that might cluster them together due to the link to the carbon cycle (Zavarzin 2010; de Morais et al. 2015) . However, another possible explanation might be their ability of synthesizing antibiotic, antiviral and antifungal secondary metabolites of which these organisms mutually benefit (Sahayaraj et al. 2014; de Morais et al. 2015) . Nevertheless, co-occurrences can also depend on environmental factors and known biological interactions might be missing due to the parameters chosen in the analysis (Williams, Howe and Hofmockel 2014; Coutinho et al. 2015) .
CONCLUSIONS
BSCs are key components of polar ecosystems that possess a huge diversity of different autotrophic, heterotrophic and saprotrophic organisms. Thus, these biocoenoses can be regarded as oases in polar deserts. This comprehensive survey shed light on the prokaryotic and eukaryotic diversity of different BSCs collected from the Arctic Svalbard and Livingston Island that is part of the Antarctic Peninsula Region. Overall, the polar BSCs are dominated by photoautotrophs such as eukaryotic algae, Cyanobacteria, lichens and bryophytes. Nevertheless, a plethora of heterotrophic and saprotrophic, aerobic and anaerobic organisms was found alongside those primary producers. BSCs are indeed amalgamations of eukaryotic algae, lichens, bryophytes, autotrophic and heterotrophic bacteria as well as Fungi but also other protists, such as Cercozoa and Amoebozoa, and Bilateria appear to be important for these communities. In order to gain further insights into functionality, shotgun metagenomics, -transcriptomics, -proteomics and metabolomics should be combined. These integrated results would help to draw a detailed picture of how the organisms interact with each other and annual time series could reveal the seasonal development of BSCs.
